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Abstract  •  •  i . 

Real-time,  wide  band  information  storage  and  signal  processing  devices  are  cntical  to  inany 
military  and  commercial  systems  in  order  to  perform  complex  functions  such  as  pattern  and 
target  lecognition.  secure  communications,  network  routing,  tactical  database  management  and 
Zased  array  radar.  Optical  coherent  transient  technology  has  the  potential  to  perform  real-time 
storage  and  signal  processing  at  data  rates  up  to  a  terahertz,  mth  storage/pattem  densities  on  the 
order  of  a  terabit  per  centimeter  squared,  and  with  data  block  sizes/time-bandwidth  produc  s  w 

Two  key  issues  in  the  operation  of  large  broadl>and  antenna  arrays  are  efficient  management 
of  the  inherent  complexity  of  these  systems  and  efficient  iiiiolementation  of  controllable, 
broadband  true-time-delays.  Optical  coherent  transient  technology  has  the  capability  of 
efficiently  imposing  true-time-delays  up  to  several  microseconds  on  signals  with  bandwidths  in 


th  thciadded  advantage  that  1)  these  delays  are 
can  lie  p’rogrammed  in  a  cubic  centimeter  of 
prooilissing  and  d(;lay  can  be  performed 
dela;f  an  extremely  promising  technology  for 


excess  of  lOO'GHz.  These  attributes,  combined  w 
controllably  programmable,  2)  that  over  lO’  delay; 
material,  and  3)  that  phase  and  amplitude  sensitive 
sirnultaneously,  make  coherent  transient  true-time 

future  radar  systems.  .  ,  .  j 

The  objectives  of  the  research  efforts  supported  by  this  DURIP  award  are  to  demonstrate  and 
characterize  the  operation  of  optical  coherent  transient  proc<JSsing  and  true-time-delay  devices  at 
bandwidth  well  in  excess  of  a  gigahertz.  The  moc.e-locked  'ri:Sapphire  regenerative  laser 
amplifier,  associated  pump  laser  combined  with  oar  existing,  chirped  laser  system,  and  support 
equipment  purchased  with  the  DURIP  funds  has  given  us  the  capability  to  demonstr^e  and 
evaluate  of  coherent  transient  processing  and  true  time-  delay  devices  in  the  1-100  GHz 
bandwidth  regime.  Research  in  this  operating  regime  is  crucial  to  the  development  of  high 
performance  if  photonic  systems  critical  to  our  national  defense. 


Equipment  Purchased 


The  following  list  identifies  the  name,  manufacturecr,  and  associated  costs  for  all  the 
equipment  acquired  under  DURIP  Grant  F49620-98-1-0277 


Item 

1 

Name 

Mode-locked  laser  w/regen 

Manufacturer 

Clar!i;-MXR 

Cost 

$33,381.12 

2 

Millenia  Pump  laser 

Spei 

tra-PhyiijIcs 

$47,061.81 

3 

Solid  Etalon 

Men 

s  Grid 

$2,700.00 

4 

Power  Meter 

Moll; 

ctron  ; 

$1,505.77 

5 

Beam  Analyzer 

Men 

hantek 

$4,180.35 

6 

Spatial  Filter 

Nev, 

)ort 

$1,062.00 

7 

Variable  Beamsplitter  System 

CVl  leaser  Corp 

$1,312.95 

8 

AO  Modulator  Set 

Isornet 

$2,411.00 

9 

AO  Modulator  Set 

isoniet 

$2,029.00 

10 

AO  Modulator  Set’ 

Isofiet 

$1,555.75 

11 

High  Speed  Detector 

Nev 

FocuSi  i 

$3,744.66 

12 

Digital  Scope 

Fotr 

mil 

$2,350.00 

13 

Lab  computer 

Sup 

iirior  Computer 

$1,432.00 

14 

Cryostat 

Jan 

$9,550.01 

15 

Vacuum  Pump 

Ley  ‘lold  Vacuum 

$2,729.28 

16 

Laser  Tube  Magnet 

Evergreen 

$4,550.48 

17 

Receiver,  Power  Supply 

Nevf  Focus 

$1,522.77 
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18 

Chirped  Laser  System 

Custo  In 

19 

optical  isolator 

Optic::;  for  Rccsearch 

20 

8-Diode  Laser  Driver 

Custcln 

21 

Laser  Frequency  Stabilizer 

Custcin 

22 

Laser  Tube 

Ever^ileen 

23 

100  MHz  EO  Modulator 

New  I'ocus 

24 

Laser  Mounting  System 

Kinetib  Systems 

$2,122.41 

$2,684.00 

$1,224.51 

$5,455.37 

$7,900.00 

$3,793.45 

$3,571.00 


.qppnial  Circumstances  and  Changes 
The  following  explains  the  purpose  of  the  eqv: 
circumstances  and  changes  from  the  original  equi]: 
original  equipment  list,  since  after  the  award  we  f( 
oscillator  and  regenerative  amplifier  would  not  de 
appropriate  power  and  duration  needed  for  these  ii 
was  found  that  the  Clark  Laser  system  could  deliv 
the  10  to  100  Ghz  regime.  To  explore  the  1-10  Gl 
To  create  the  data  to  be  processed,  an  existing  mo 
stabilization  of  this  laser  was  needed  and  equipmc; 


ipment  purchased  and  any  special 
iment  list.  The  equipment  list  differed  from  the 
mnd  that  the  Spectra-Physics  mode-locked 
jiver  Fpurier  Transform  limited  pulses  of  the 
wests gations.  Other  avenues  were  explored.  If 
:;r  theiipulses  needed  for  the  investigations  in 
Iz  rejjpme ,  chirped  diode  lasers  were  chosen . 
iulateid  cv/  Ti:Sapphire  is  used,  however 
nt  was  purchased  for  this  purpose.  The 


equipment  purchased  supported  studies  in  these  to  band  width  regimes.  The  research  projects 
supported  by  the  acquired  equipment  is  explained  in  the  ntrl  section. 

Originally,  the  DURIP  grant  was  to  fund  the  regenerative  amplifier  and  the  MURI  grant  was 
to  fund  the  mode-locked  oscillator  from  Spectra-Physics.  Instead,  a  Clark-MXR  picosecond 


mode-lock/regenerative  amplifier  system  was  purchased  and  the  purchase  was  shared  between 
the  grants  and  cost-sharing.  The  cost  listed  in  Item  1  is  the  share  paid  for  out  of  DURIP  funds. 
Item  2  is  Spectra-Physics  Millenia  Pump  laser  needed  to  pump  the  mode-locked  oscillator  in 
Item  1.  Item  3  is  a  solid  etalon  used  to  convert  the  8  ps  Fourier  transform  limited  pulses  from 


Item  1  to  31  ps  Fourier  transform  limited  pulses  t  lat  match  the  17GHz  processing  bandwidth  of 
the  processing  material  used  (Tm:YAG).  Item  4  ;!ind  5  is  a  power  meter  and  a  beam  analyzer 
used  to  measure  and  align  the  picosecond  laser  sy  stem.  The  power  and  spatial  structure  of  the 
laser  beams  is  critical  for  evaluating  the  processors  efficiency  and  for  spatial  crosstalk  studies. 


Item  6  is  a  spatial  filter  used  to  clean  up  laser  bea  n’s  spatial  profile,  which  aids  in  the  isolation 
of  the  output  signal.  Item  7  is  a  variable  beamspli  ter  sj^stern  used  to  split  beams  for  crossed- 
beam  experiments,  done  to  spatially  separate  inpt  t  and  |output  going  beams.  Item  8, 9,  and  10 
are  acousto-optic  modulators  used  to  modulate  in  )ut  bilsWs  and  gate  output  beams.  Item  11  is  a 
high  speed  detector  for  detecting  processed  multi  GHz.  waveforms.  Item  12  a  digital  scope  used 
to  record  and  characterize  output  signals.  Item  LI  is  the  lab  computer  used  for  data  acquisition 
and  analysis  of  data.  Item  14  and  15  are  the  cryostat  and  vacuum  pump  used  to  maintain  the 
processing  materials  under  investigation  at  cryogenic  temperatures.  Item  16  is  a  magnet  for  the 
laser  used  to  study  the  spectroscopy  of  processinji;  materials.  Item  17  is  a  receiver  and  power 
supply  from  New  Focus  used  for  slow  demonstr<i|i;ions  (40Mhz)  of  true-time  delay.  Item  18  is  a 
custom-built  chirped  laser  system  designed  and  fabricated  at  Montana  State  University  capable 
of  programming  materials  for  processing  at  up  to  3  GHz  bandwidth.  Item  19  is  an  optical 
isolator  that  is  needed  to  isolate  the  chirped  laser  from  refle;ctions.  Item  20  is  a  custom-built  box 
capable  of  driving  eight  diode  laser  and  will  be  used  for  multi-beam  experiments.  Item  21  is  a 
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custom-built  external  laser  frequency  stabilizer  neeiiled  when  processing  large  length  codes 
Initially  the  system  is  being  used  to  lock  the  Ti:Sap|)hire  lasei-  to  a  stabilized  cavity.  It  can  also  be 
used  to  lock  a  laser  to  a  spectral  hole  burned  in  an  £.bsori)tion  line.  Item  22  is  a  laser  tube  for 
stabilized  laser  system.  Item  23  is  a  100  MHz  EO  modulator  used  to  put  side-bands  on  the  laser 
light  needed  to  be  stabilized  before  it  is  sent  to  the  .:;avity  or  absorption  line.  Item  24  is  a  laser 
mounting  system  for  supporting  the  stabilized  Ti;S  apphire..  Item  25  is  a  Newport  Translation 
Stage,  which  is  part  of  the  frequency  stabilization  systenii. 


The  following  are  the  research  projects  support; 


cd  by  the  acquirecl  equipment. 


Photonics  for  RF  Signal  Processing:  Spatio-temporal  Amy  Processing 

This  research  is  carried  out  as  a  subaward  un  iler  the. University,  of  Colorado  and  is 
supported  by  the  Office  of  the  Secretary  of  Defens. .  MUKI  program  through  the  Office  of  Naval 

Research  (grant  number  N00014-97-1-1006. 

The  MURI  research  brings  together  a  multi-c  isciplinary  team  from  the  University  ot 
Colorado  (Lead)  and  Montana  State  University  to  investigate,  the  application  of  photonic 
techniques  to  the  control  and  processing  of  advanced  RJ:'  systems  using  novel  optical  materials 
and  devices.  A  team  is  assembled  with  expertise  in  algorithms,  optical  sptems,  optical  physics, 
nonlinear  optics,  optical  materials,  photodetectors,  photorefractives,  optical  coherent  transient 
materials,  optical  links,  and  photonically  controlled  arrays  to  realize  the  full  benefits  of  photonic 
technology  applied  to  RF  systems.  The  extremely  demanding  problem  of  control  and  processing 
of  large,  wide-bandwidth  phased-array  antennas  is  a  central  ;focus  of  this  effort,  exploring  issues 
from  materials  and  device  fundamentals  through  algorithms  and  implementations.  Additional 
efforts  investigate  novel  approaches  to  IR  counteriiieasiires,  novel  nonlinear  optical  materials, 
frequency  tunable  laser  sources  and  amplifiers,  hig;h-saturation-pow(jr  wide-bandwidth 

photodetectors,  as  well  as  radar  imaging  and  targe  I  recognition.  .  .  iv/rrTr,T 

The  research  conducted  at  the  Montana  State  Uni\'ersii:y  in  collaboration  with  the  MURI 
team  at  the  University  of  Colorado  involves  the  ajiplication  of  coherent  transient  technology  to 
true-time  delay  regenerators  and  adaptive  beamfo:rming  at  bandwidths  of  10  GHz  and  greater. 


Wide-Band  Optical  True-Time-Delay  and  Adaptive  Beamforming 

This  research  is  supported  by  the  Army  Resi  arch  Uffioe  as  part  of  the  DEPSCOR  program 
(grant  number  DAAG55-98-1-0244).  A  sub-awan  I,  goei  |to  the  University  of  Colorado. 

Two  key  issues  in  the  operation  of  large  broac:  band  antenna  arrays  are  efficient  management 
of  the  inherent  complexity  of  these  systems  and  e  fficient  implementation  of  controllable, 
broadband  true-time-delays.  Optical  coherent  traiiisient  technology  has  the  capability  of 
efficiently  imposing  true-time-delays  up  to  severgjl  microseconds  on  signals  with  bandwidths  m 
excess  of  100  GHz.  These  attributes,  combined  vlith  the  added  advantage  that  1)  these  delays  are 
controllably  programmable,  2)  that  over  10’  delays  can  be  programmed  in  a  cubic  ^ntimeter  of 
material,  and  3)  that  phase  and  amplitude  sensitive  processing  and  delay  can  be  performed 
simultaneously,  make  coherent  transient  true-timc-delay  an  extremely  promising  technology  tor 
future  radar  systems.  In  order  to  feasibly  utilize  (::oherent  transients  in  large  broadband  amays,  an 
architecture  is  needed  that  efficiently  manages  th(|:  inherent  complexity  of  controlling  such 
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demanding  systems  and  is  compatible  with  programming  multiple  delays  into  coherent  transient 

™  TOfrcsearch  comhines  Montana  State  University’s  expertise  in  coherent  transient  s^tems 
A  otPriaiQ  with  the  University  of  Colorado’s  exl'insive  expertise  ini  adaptive  beamforrmng 
usin^ootical  techniques.  The  research  under  this  gi  ant  invoh'es  a  novel  phased  array  processing 
archftecmre  that  utilizes  the  inherent  true-time-dela; '  of  optical  cohererit  transients,  but  also 
performs  the  weight  multiplication  and  even  the  adi  ptive  weight  calculation  using  co^e 
Lncellation  loop!.  This  new  algorithm  makes  broadband  beamformmg  extremely  e^ient  and 
simple  to  implement  in  RF  photonic  hardware.  For  Im  N  eleir  ent  antenna  array,  the  system 
requires  only  N+2  broadband  modulators  (electroo]>tic  up  to  10  GHz  i,  one  high  speed  detector, 
IXo  acolooptic  delay  lines  are  required.  Our  approach  is  compatible  with  real-time 
calculation  of  the  required  number  of  adaptive  weights  tl  iat  encompass  the  necessary  degrees 
freedom  to  beamsteer  and  null  rotate  without  squint  in  an  arbitranly  cornplex  , 

signal  environment.  Our  approach  could  revolutioiiize  th6  processing  of  laije  broadband  phas 
arrays  by  allowing  fully  adaptive  and  optimal  perfc  rmariice  to  be  accomplished  by  a  processor 
who!e  hardware  c!)mplexity  does  not  grow  with  nu  mber  Of  anray  elements  as  do  all  other  real- 

adaptive  beamforming  architecture  capable  of  opei  atmg  on  signals  with  f 

excess  of  a  gigahertz.  We  are  first  modeling  and  analyzing  our  architecture  while  at  the  same 
time  pushing  coherent  transient  true-time-delay  technology  from  its  cun-ent 
bandwidth  of  several  megahertz  to  the  required  bandwidth  ol:  several  gigahertz.  We  will  then 
implement  our  refined  architecture  at  low  bandwiciths,  utilizing  our  expertise  in  and  easting 
infrastructure  for  development  of  optical  adaptive  :)eamlbrming  systsm.  Relying  on  the  lessons 
learned  from  these  efforts,  we  will  demonstrate  multi-gigahertz  bandwidth  adaptive 
beamforming. 

Advanced  Coherent  Transient  Systems  and  Devices 

This  research  is  supported  by  the  Air  Force  Office  of  S  cientific  Research  (grant  number 
F49620-98- 1-0283).  A  sub-award  goes  to  the  Uni^'ersity  of  V/ashington. 

Real-time,  wide  band  information  storage  and  liignal  processing  devices  are  cntical  to  many 
military  and  commercial  systems.  Optical  coherent  transient  technology  has  the  potential  to 
perform  real-time  storage  and  continuous  signal  p  rocessing  at  data  rates  up  to  a  terahertz,  w 
storage/pattem  densities  on  the  order  of  a  terabit  per  centimister  squared,  and  with  data  block 
'  sizesftime-bandwidth  products  well  oyer  10000.  'these  dttributes,  coupled  with  spatial  selectivity 
and  the  ability  to  process  amplitude,  phase,  and  fn  quency-modulated  signals  makes  coh^ren 
transients  an  extremely  versatile  technology.  Pre'.  iousk  proposed  applications  include  target  and 
pattern  recognition;  multi-dimensional  cache  men  ory;  liiigh  density,  high  bandwidth  database 
memory,  associative  memory,  and  look-up  tables;  securd  communications;  intenor  memory  tor 
optical  networks;  real-time  address  decoder;  all  optical  passive  routing  of  data;  header 
stripper/isolator  for  network  packets;  and  dynamic  pulse  shaping  and  distortion  compensation^ 

Under  this  grant,  we  are  looking  beyond  the  traditional  implementations  and  applications  of 
coherent  transients  and  exploring  novel  concepts  ;hat  explo  it  the  processing  and  non-lmear 
behaviors  of  coherent  transient  systems.  These  aitm  include  1)  true-time  delay  JJSenerators  ) 

continuously  programmed  continuous  processor,  1)  feedback  and  learning,  )  e 

and  reading  of  spatial-spectral  gratings,  5)  invers  on  and  gain  gratings,  6) 

single  sideband  and  frequency  modulation,  and  8;  bilinear  transfonms  and  circu  t  mode  mg.  The 

nroposed  research  also  explores  critical  issues  thr  i:  significantly  impact  the  developme 

practical  coherent  transient  systems.  These  inclu’ile:  1)  orthogonal  code  development  and  testing 
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V, 


2)  modeling  and  characterization  of  gated  systems,! 3)  non-linear  time  shifts,  and  4)  cryocooler 
evaluation.  i 
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